We have previously shown that deletion of GOA1 (growth and oxidant adaptation) of Candida albicans results in a loss of mitochondrial membrane potential, ATP synthesis, increased sensitivity to oxidants and killing by human neutrophils, and avirulence in a systemic model of candidiasis. We established that translocation of Goa1p to mitochondria occurred during peroxide stress. In this report, we show that the goa1⌬ (GOA31), compared to the wild type (WT) and a gene-reconstituted (GOA32) strain, exhibits sensitivity to inhibitors of the classical respiratory chain (CRC), including especially rotenone (complex I [CI]) and salicylhydroxamic acid (SHAM), an inhibitor of the alternative oxidase pathway (AOX), while potassium cyanide (KCN; CIV) causes a partial inhibition of respiration. In the presence of SHAM, however, GOA31 has an enhanced respiration, which we attribute to the parallel respiratory (PAR) pathway and alternative NADH dehydrogenases. Interestingly, deletion of GOA1 also results in a decrease in transcription of the alternative oxidase gene AOX1 in untreated cells as well as negligible AOX1 and AOX2 transcription in peroxide-treated cells. To explain the rotenone sensitivity, we measured enzyme activities of complexes I to IV (CI to CIV) and observed a major loss of CI activity in GOA31 but not in control strains. Enzymatic data of CI were supported by blue native polyacrylamide gel electrophoresis (BN-PAGE) experiments which demonstrated less CI protein and reduced enzyme activity. The consequence of a defective CI in GOA31 is an increase in reactive oxidant species (ROS), loss of chronological aging, and programmed cell death ([PCD] apoptosis) in vitro compared to control strains. The increase in PCD was indicated by an increase in caspase activity and DNA fragmentation in GOA31. Thus, GOA1 is required for a functional CI and partially for the AOX pathway; loss of GOA1 compromises cell survival. Further, the loss of chronological aging is new to studies of Candida species and may offer an insight into therapies to control these pathogens. Our observation of increased ROS production associated with a defective CI and PCD is reminiscent of mitochondrial studies of patients with some types of neurodegenerative diseases where CI and/or CIII dysfunctions lead to increased ROS and apoptosis.
Candida albicans is a pathogen of skin and mucosa or causes blood-borne tissue invasion. To cause disease, the organism utilizes a variety of factors to adhere to, break down host substrates, and invade tissue. There is also evidence that both glycolytic and nonglycolytic metabolism is critical to survival of the organism in the host, a phenomenon termed host nichespecific metabolic adaptation (9, 14, 21, 41, 50) . The paradigm is that when blood-borne glucose is plentiful, cells metabolize by glycolysis to produce energy. However, at host niches lacking sufficient glucose, such as within phagocytes, the organism adapts through other pathways, such as the glyoxylate cycle, to minimize carbon loss, while gluconeogenesis is used to increase cell glucose levels. Both cycles include participation of mitochondria. Carbon source preferences and respiratory circuits vary in usage among fungi and yeasts and reflect their life styles. For instance, model yeast depends almost exclusively upon fermentation as a source of energy. Saccharomyces cerevisiae is defined as a Crabtree-positive organism, which utilizes glucose repression of aerobic respiration, in contrast to others, like Candida albicans, which are Crabtree negative and rely upon the oxidation of substrates via the mitochondrial tricarboxylic acid (TCA) cycle to generate ATP even in the presence of glucose (7, 51) . In fact, S. cerevisiae lacks complex I (CI) of the classical respiratory electron transport chain (ETC) as well as the alternative oxidase (AOX) and parallel respiratory chains, unlike Candida species (18, 55 ) (see also below).
There are three mitochondrial respiratory pathways in Candida species and other fungi: the classical respiratory chain (CRC), the alternative oxidase chain, and the parallel respiratory (PAR) chain (12, 18, 26-34, 43-46, 52, 58) . Of these pathways, the CRC provides the largest amount of cellular ATP and is the major source of respiratory activity and O 2 consumption. In Candida parapsilosis, the AOX and CRC pathways are constitutive while the PAR pathway is active only when the CRC and AOX pathways are blocked (46) . This compensatory mechanism may allow the cells to adapt to stress conditions (33) . The contributions of each of the three respiratory pathways can be distinguished by using specific inhibitors. Thus, rotenone, 2-thenoyltrifluoroacetone (TTFA), antimycin A (AA), potassium cyanide (KCN), and oligomycin inhibit CI, CII, CIII, CIV, and CV, respectively, of the CRC, while SHAM (salicylhydroxamic acid) is an inhibitor of the AOX pathway. KCN at higher concentrations (10 mM) is an inhibitor of both the PAR pathway and of CIV of the CRC pathway. In the CRC pathway, CI, CIII, and CIV oxidoreductases of the inner mitochondrial membrane (IM) produce H ϩ ions which are pumped to the intermembrane space (IMS). The generation of a membrane potential (⌬M) is then used by the IM CV to synthesize ATP. CI functions through coenzyme Q (CoQ), which serves as an intermediate step for electron flow through CIII and CIV. CoQ also provides electrons for the AOX and PAR pathways. While the three respiratory pathways have been described in Candida species, less is known about complexes I to IV of the CRC and about the genes that are associated with the complex functions. A gene encoding the C. albicans NADH dehydrogenase CI protein (NDH51) when deleted resulted in a filamentation defect even at low concentrations of glucose (45) . More recently, it was shown that in the same ndh51⌬ mutant, the pyruvate dehydrogenase complex protein X (Pdx1) increased by 15-fold, but the filamentous defect remained (58) . The Lpd1 of C. albicans, a dihydrolipomide dehydrogenase and part of the pyruvate dehydrogenase complex, also is required for filamentous growth (35) . These data demonstrate a relationship between the CRC pathway and morphogenesis. Metabolic signal networks important to mitochondrial functions are also inadequately described although the Hog1 mitogen-activated protein kinase (MAPK) appears significant (5) .
In animals, plants, and most fungi, mitochondria are indispensable for many cell activities (1, 2, 15, 16, 20, 32, 43, 50, 52, 59, 60) . It is also evident that programmed cell death (PCD) can be initiated through a number of inducers including ROS, the origin of which can be defective mitochondria, as reported in both mammalian cells and fungi such as C. albicans (11, 13, 15, 16, 25, 26, 36, 48, 52, 54, 59) . In contrast, cancer cells favor glycolysis, and therapies that focus upon metabolic reprogramming of mitochondria have been applied to induce chemosensitivity (19) . Other inducers of PCD in fungi include the antifungal compounds amphotericin B and plagiochin E, farnesol, phytosphingosine, and the ␣-pheromone of C. albicans (3, 4, 17, 54, 56, 57, 59, 60) . Farnesol (a quorum-sensing molecule) induced apoptosis through either metacaspase-or caspasedependent pathways in C. albicans (60) . The amphotericin B effect was observed in biofilms formed in vitro and could be reversed by the addition of an inhibitor of caspase production (4) . Indications are that PCD occurs through apoptosis as deletion of the MCA1 of C. albicans, a homologue of the MCA1 metacaspase of S. cerevisiae, attenuates the oxidative stress cell death response as well as caspase activation (13) . A recent observation on pheromone-induced death (PID) in C. albicans during mating indicates that the mechanism differs from that of S. cerevisiae, which requires calcineurin (3).
In our previous report on Goa1p of C. albicans, we showed its requirement for mitochondrial functions including the generation of membrane potential to provide ATP and respiration (8) . Using a green fluorescent protein (GFP)-tagged Goa1p, we demonstrated its translocation to mitochondria, especially under stress conditions or when cells are grown on glycerol. GOA1 is also required for virulence in an invasive model of candidiasis (8) . The objective of this study is to characterize the mitochondrial target of Goa1p of C. albicans and relate the loss of that target to cell functions. It is obvious that dysfunctional mitochondria result in profound effects on this fungus.
MATERIALS AND METHODS

Strains.
For all experiments, we used SC5314 (wild type [WT] ) as well as the gene-reconstituted strain (GOA32) and the goa1 mutant (GOA31) (8) .
Growth studies of strains with CRC and AOX inhibitors. For drop plate assays, strains were grown overnight at 30°C in YPD (yeast extract, peptone, dextrose) broth; cells were washed and suspended in phosphate-buffered saline ([PBS] 0.1 M; pH 7.4) (8) . The sensitivity of strains to inhibitors of complexes I to V and to AOX was evaluated as follows. Serial dilutions of cells (5 ϫ 10 1 to 5 ϫ 10 5 cells in 5 l) were spotted onto YPD agar containing each inhibitor (1 M rotenone, 6 M TTFA, 8 M antimycin A, 1 or 10 mM KCN, 20 M oligomycin, and 2 mM SHAM [final concentrations]). Growth was evaluated after 48 h of incubation at 30°C.
Oxygen consumption. Oxygen consumption was measured polarographically using a Clark-type electrode (model 5300; Yellow Springs Instruments, OH). Cells were grown overnight at 30°C in 10 ml of YPD broth and then diluted in fresh YPD broth for an additional 3 to 4 h until exponential growth was achieved (32) . The cells were collected and washed with PBS, and an equal number of cells of each strain (5 ϫ 10 8 ) was suspended in 2 ml of YPD broth. The cells were then loaded into a sealed 1.5-ml glass chamber. Changes in oxygen tension in the chamber were measured, and the respiratory rate was calculated as the consumption of oxygen over time. In order to quantify oxygen consumption by different respiratory pathways, strains were cultured in the presence of classical respiratory pathway inhibitors (6 M TTFA, 10 M rotenone, 10 M antimycin A, or potassium cyanide [1 or 10 mM]) for 1 h while the AOX pathway was inhibited using 5 mM SHAM before cells were harvested, and O 2 consumption was determined. Also, 200 M flavone was used to measure the contribution of NADH dehydrogenases to respiration (57) .
Transcription of AOX1, AOX2, and alternative NADH dehydrogenases, NDE1 and YMX6. Yeast cells were collected from 10-ml cultures of the WT, GOA31, and GOA32 strains grown at 30°C for 16 h in YPD broth. Cells were washed twice with PBS and divided into three equal aliquots, two of which were treated with 5 mM H 2 O 2 or 5 mM SHAM for 30 min while the third was left untreated for the same time. Total RNA was extracted using Trizol following a PBS wash. For H 2 O 2 -and SHAM-treated samples, cells were washed two additional times with PBS. The quality and concentration of RNAs were measured by a nanospectrophotometer, and approximately 1 g of the total RNA was subjected to first-strand cDNA synthesis (QuantiTect Reverse Transcription; Qiagen). Realtime PCR assays were performed with 20-l reaction volumes that contained 1ϫ iQ SyBR green Supermix, including a 0.2 M concentration of each primer and 8 l of a 1:8 dilution of each cDNA from each strain. A standard curve for each gene was established from WT cells grown at 30°C. WT cDNA was prepared in a series of dilutions (1:4 to 1:256) for each experiment. The primers used for real-time PCR expression analysis were the following: for 18S rRNA, CGCAA GGCTGAAACTTAAAGG (forward) and AGCAGACAAATCACTCCACC (reverse); for AOX1, GCAACTCCAATCCCAAATCAC (forward) and ACAC GATAAACTCCTGCTTCAG (reverse); for AOX2, TCTCCAGCTTTCCATC AACC (forward) and TGGGTAACTGTCACATTCTCAC (reverse) (30, 31) ; for NDE1, TGCTAACCCAACTCCAAAGG (forward) and CCAGACCAAAT CAGCAACAG (reverse); for YMX6, CATCCAACGACCCTAAGATCC (forward) and AATGTTCAGCCACCCCAG (reverse).
Quantitative reverse transcription-PCR (qRT-PCR) for each experiment was performed in triplicate (Bio-Rad iQ5), and the transcription of AOX1, AOX2, NDE1, and YMX6 genes was normalized to 18S RNA levels. Data are presented as the means Ϯ standard deviations (SD). The 2 Ϫ⌬⌬CT (where C T is threshold cycle) method of analysis was used to determine the fold change in gene transcription (31) .
Spheroplast and mitochondrial preparations. Cells were grown in 250 ml of YPD broth overnight at 30°C, harvested by centrifugation (5,000 rpm for 10 min), washed once with 50 ml of cold water and once with buffer A (1 M sorbitol, 10 mM MgCl 2 , 50 mM Tris-HCl [pH 7.8]), and then centrifuged at 5,000 rpm for 10 min.
Cells were then suspended in buffer A (50 ml) supplemented with 30 mM dithiothreitol (DTT) for 15 min at room temperature with shaking (100 rpm) and then collected and suspended in 15 ml of buffer A with 1 mM DTT containing 100 mg of Zymolyase 20T (Seikagaku Biobusiness, Inc.) per 15 g of pelleted cells. Shake cultures (100 rpm) were incubated at 30°C for 60 min or until 90% of cells were converted into spheroplasts (as determined by light microscopy). Digestion was stopped by adding 15 ml of ice-cold buffer A. Then spheroplasts were washed twice with buffer A. Crude preparations of mitochondria were isolated as follows: containing 20% Percoll (vol/vol) was layered on top of PB1 buffer. The crude mitochondrial preparation was layered on top of the gradient, which was then centrifuged at 40,000 ϫ g for 45 min at 4°C. A whitish band (purified mitochondria) was collected from the interface of the Percoll gradients. Purified mitochondria were washed twice by centrifugation in 3 ml of PB1 buffer for 10 min at 12,600 ϫ g.
Mitochondrial pellets were suspended in 1 ml of cold S1 buffer (272 mM sucrose, 40 mM HEPES, 150 mM KCl, pH 7.5), incubated on ice for 15 min, diluted with 5 ml of S2 buffer (40 mM HEPES, 150 mM KCl, pH 7.5), and centrifuged at 100,000 ϫ g for 30 min. The pellets were suspended in cold S3 buffer (solubilization medium; 750 mM 6-aminohexanoic acid [ε-amino-n-caproic acid], 50 mM bis-Tris-HCl, 0.5 mM EDTA, pH 7.0) at a concentration of 2 mg of protein/ml. Freshly prepared 10% (wt/vol) n-dodecyl-␤-D-maltoside (DMM) in water (200 l) was added at a ratio of 1 g of detergent to 1 g of protein.
The pellets were homogenized by repeated pipetting on ice for 5 min and centrifuged at 108,000 ϫ g for 10 min at 4°C. Supernatants were collected, and protein determinations were done by the Biuret method and blue native polyacrylamide gel electrophoresis (BN-PAGE) (see below). Coomassie staining was also used to visualize proteins.
Enzymatic assays of CRC CI to CIV. From overnight cultures grown at 30°C, enzyme activities of complexes I to IV (CI to CIV) were measured spectrophotometrically by standard methods (10, 38) . Crude mitochondrial preparations were first treated with two cycles of freeze-thawing in a hypotonic solution (25 mM K 2 HPO 4 [pH 7.2], 5 mM MgCl 2 ), followed by a hypotonic shock in H 2 O. A total of 20 g of mitochondrial protein from each strain was used in each enzyme assay. Substrates (electron donor and electron acceptor) varied depending upon which complex was to be assayed. The reaction for each enzymatic assay was terminated by adding a complex-specific inhibitor. The activities for each complex were indicated by the rate of substrate oxidation or reduction as nM/min/mg of protein. Each complex was assayed in the presence of inhibitors of other complexes to ensure that the activity reflected only the enzyme complex of interest.
Complex I (NADH:ubiquinone oxidoreductase). Mitochondrial protein was dissolved in 0.8 ml of H 2 O and incubated for 2 min at 37°C and then mixed with 0.2 ml of a solution containing 50 mM Tris, pH 8.0, 5 mg/ml BSA, 0.24 mM KCN, 4 M antimycin A, and 0.8 mM NADH, the substrate for CI. The reaction was initiated by introducing an electron acceptor, 50 M DB (2,3-dimethoxy-5-methyl-6-n-decyl-1,4 benzoquinone). Enzyme activity was followed by a decrease in absorbance of NADH at 340 nm minus that at 380 nm using an extinction coefficient of 5.5 mM Ϫ1 cm Ϫ1 (38) . Additionally, rotenone (4 M) was introduced into the reaction mixture to quantify the rotenone-sensitive complex activity.
Complex II (succinate:ubiquinone oxidoreductase). Mitochondrial protein was added to a solution of 10 mM KH 2 PO 4 (pH 7.8), 2 mM EDTA, 1 mg/ml BSA, 80 M DCPIP (acceptor; 2,6-dichlorophenolindophenol), 4 M rotenone, 0.24 mM KCN, 4 M antimycin A, and 0.2 mM ATP (total of 1 ml). As the donor substrate, 10 mM succinate was added, and the reaction mixture was incubated for 10 min at 30°C. A decrease in absorbance due to the reduction of DCPIP was measured at 600 nm for 5 min using an extinction coefficient of 13.0 mM Ϫ1 cm
Ϫ1
. To measure CII-specific activity, 1 mM TTFA (thenoyltrifluoroacetone) was added.
Complexes II and III (succinate:cytochrome c reductase). The assay for CII plus CIII was done under conditions similar to those for CII described above using 10 mM succinate as the donor substrate. The reaction was initiated following the addition of 40 M oxidized cytochrome c (incubation, 10 min at 30°C), followed by the addition of 1 mM TTFA for an additional 5 min. The extinction coefficient for cytochrome c reduction at 550 nm is 18.5 mM
Complex IV. The CIV assay was performed at 550 nm, and the decrease in absorbance resulting from the oxidation of reduced cytochrome c was measured. To reduce cytochrome c, 5 mg of L-ascorbic acid was mixed with 100 mg of cytochrome c in 8 ml of 10 mM potassium phosphate buffer, pH 7.0. The reduced cytochrome c solution was then dialyzed against 10 mM potassium phosphate buffer, pH 7.0, for 20 h at 4°C with three changes of buffer. Reduced cytochrome c was then brought to a final volume of 10 ml with 0.1 M phosphate buffer (pH 6.8). In a 1-ml reaction medium, 20 g of mitochondrial protein was added to a buffer containing 10 mM KH 2 PO 4 (pH 6.5), 0.25 M sucrose, 1 mg/ml BSA, and 10 M reduced cytochrome c. Changes in absorbance were measured following the oxidation of cytochrome c using 2.5 mM lauryl maltoside to permeabilize mitochondria. Complex specificity was determined in the presence of 0.24 mM KCN (3 min for each part of the assay).
Blue native polyacrylamide gel electrophoresis. Mitochondrial protein was concentrated by vacuum centrifugation (53) . Ten microliters of BN sample buffer (2ϫ) was mixed with 20 l of each sample (ϳ60 to 80 g of protein) and loaded onto a BN-PAGE gradient gel (4 to 16%) (Invitrogen, Inc.). One ml of 2ϫ BN sample buffer consisted of 1.5 M 6-aminohexanoic acid, 0.05 M bis-Tris (pH 7.0), 65 l of 10% DMM, 20 l of proteinase inhibitor mixture, and 100 l of glycerol. Electrophoresis was performed in an X-Cell SureLock mini-cell system (Invitrogen) with 200 ml of cathode buffer in the upper (inner) buffer chamber and 150 ml of anode buffer in the lower (outer) buffer chamber. The cathode buffer was prepared from a 10ϫ stock of 500 mM Tricine, 150 mM bis-Tris (pH 7.0; or 75 mM imidazole), and 0.02% Serva Blue G-250, supplemented with 0.02% DDM. The 1ϫ anode buffer consisted of 50 mM bis-Tris, pH 7.0. Electrophoresis was carried out at 4°C and 65 V for 1 h and then raised to 120 V overnight. An in-gel enzyme assay for CRC CI was accomplished as follows: gels were rinsed briefly twice with MilliQ water and equilibrated in 0.1 M Tris-HCl, pH 7.4 (reaction buffer), for 20 min. The gels were then incubated in fresh reaction buffer with 0.2 mM NADH-0.2% nitroblue tetrazolium (NBT) for 1 h. Reactions were stopped by fixing the gels in 45% methanol-10% (vol/vol) acetic acid, and then gels were destained overnight in the same solution. Image processing of gels was done using ImageJ software (23) .
Flow cytometry assays of ROS. Intracellular ROS production was detected by staining cells with the ROS-sensitive fluorescent dye DCFDA (2Ј,7Ј-dichlorofluorescein diacetate; Sigma) using a FACScan flow cytometer (488 nm; Becton Dickinson) (36) . Cells from 25-ml cultures grown at 30°C overnight in YPD medium were collected and washed twice with PBS. The pellets were suspended to 1 ϫ 10 6 cells in 1 ml of PBS and treated with or without 50 M DCFDA for 30 min at 30°C in the dark. Cell fluorescence in the absence of DCFDA was used to verify that background fluorescence was similar per strain. Cells from each DCFDA-treated sample were collected and washed twice with PBS after staining. Then, propidium iodide (PI) was added to each sample to measure the dead cells prior to the DCFDA assays. The mean fluorescence for ROS was quantified only in live and standard-sized cells.
Chronological life span. Strains were inoculated in 5 ml of YPD broth and incubated overnight at 30°C. For each strain, 10 6 cells were inoculated into 50 ml of synthetic glucose (SC) medium without or with 5 mM H 2 O 2 (final concentration) (2). For treated cultures, H 2 O 2 was added daily to maintain concentration. Every 24 h for 21 days, 0.5 ml from each culture was diluted to 2.0 ϫ 10 3 cells/ml, and 100-l and 250-l aliquots were added to YPD agar plates. The plates were incubated for 48 h at 30°C, and the numbers of CFU were determined. For each strain and time point, the percent survival was determined by dividing the number of CFU by the cell number obtained by microscopic counts. The percentage of viable cells reflecting the chronological life span was determined for each time point.
Determinations of apoptosis in strains by flow cytometry. (i) Caspase assay. Caspase activity was measured using a FLICA (for fluorochrome-labeled inhibitor of caspases) Poly-Caspase Apoptosis Detection Kit (Immunochemistry Technologies, LLC) based on FAM-VAD-FMK (where FAM is carboxyfluorescein and FMK is fluoromethyl ketone), which binds covalently to active caspases once it enters cells. After unbound FAM-VAD-FMK or FLICA reagent is washed away, the remaining green fluorescent signal is a direct measure of the quantity of caspase-positive cells. The optimal excitation range for FLICA is 488 to 492 nm, and the emission range is 515 to 535 nm.
Activity was measured at zero time (overnight cultures; control), and cells were grown or incubated for a period equivalent in time to 10 or 20 generation times (GT) in YPD medium or for 2 and 10 generations in cells treated with 10 mM H 2 O 2 . Cells were washed with PBS twice prior to the caspase assays. For optimal FLICA labeling in C. albicans, cells were adjusted to 2 ϫ 10 6 in 300 l of PBS buffer, and 10 l of 30ϫ FLICA solution was added. Cells were incubated for 1 h at 37°C in the dark and then washed twice with 1 ml of the wash buffer recommended by the manufacturer. Stained cells were suspended in 400 l of the same wash buffer and treated with 2 l of propidium iodide (200 g/ml) for 20 min at room temperature. A second aliquot of FLICA-treated cells that was not stained with PI was set aside. The percentage of cells with positive PI staining and negative caspase staining by flow cytometry was excluded from caspase measurements. An equal volume of nonstained cells for each time point was set up as a negative control for each experiment.
(ii) TUNEL assays. In addition to caspase assays, we also measured the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) in the same set of strains. The TUNEL assay includes a terminal deoxynucleotidyltransferase (TdT) that adds Br-dUTP (bromolated dUTP nucleotides) to DNA breaks. The incorporation of Br-dUTP results in a green fluorescent signal (fluorescein isothiocyanate [FITC]) once anti-bromodeoxyuridine (BrdU) antibody is added. An Apo-BrdU in situ DNA fragmentation assay kit (BioVision) was used to identify DNA strand breaks.
Measurements of TUNEL utilized cells of each strain for similar numbers of generation times as used in the caspase assays. Equal numbers of cells for each strain were used in the assays. Cells were grown as indicated above for caspase assays, again with or without peroxide. Cells were washed with PBS twice, and one half of the total was treated with 10 mM H 2 O 2 . Cell numbers were adjusted to 5 ϫ 10 6 in 0.5 ml of PBS buffer and fixed by adding 5 ml of 1% (wt/vol) p-formaldehyde in PBS on ice for 15 min. After cells were washed twice in PBS, the pellets were suspended in 0.5 ml of PBS and 5 ml of ice-cold 70% ethanol and incubated for 30 min on ice. The residual ethanol was then removed by centrifugation, and cells were washed twice with buffer. Pelleted cells (ϳ5 ϫ 10 6 ) were suspended in 50 l of DNA labeling solution, incubated for 1 h at 37°C in the dark, and then washed twice with 1 ml of rinse buffer provided in the kit. Treated cells were suspended again in 0.1 ml of anti-BrdU antibody and incubated for 30 min at room temperature in the dark. Immediately, the positively stained cells were measured by flow cytometry (excitation wavelength/emission wavelength, 488/520 nm). An equal volume of nonstained cells was used as a negative control. PI staining was used to determine the percentage of dead cells.
RESULTS
Drop plate assays: GOA31 is sensitive to rotenone and SHAM inhibitors of mitochondrial respiratory pathways. We tested each strain for sensitivity to inhibitors of the CRC and AOX respiratory pathways using drop plate assays with and without inhibitors. As shown in Fig. 1, GOA31 was more sensitive to rotenone (CI) than WT and GOA32 (GOA1-reconstituted) cells but about equally as sensitive as control strains to antimycin A (CIII), TTFA (CII inhibitor), and oligomycin (CV inhibitor). Interestingly, GOA31 grew somewhat better in the presence of 1 mM KCN (CIV inhibitor) but was growth inhibited at 10 mM KCN. At this concentration, both the CIV and PAR pathways are inhibited. GOA31 was also more sensitive to SHAM, an inhibitor of the AOX pathway, than the control strains (Fig. 1) . These inhibitor sensitivity data suggest that the mutant has a dysfunctional CI and CIV and AOX pathway.
Oxygen consumption is reduced in GOA31 by CRC CI and CIV inhibitors. Ruy et al. have shown that the CRC and AOX pathway inhibitors that reduce respiration also inhibit growth in C. albicans (52) . Therefore, our objective in these experiments was to correlate the growth data from drop plate assays ( Fig. 1) with oxygen consumption experiments. To do this, we measured oxygen consumption (nM O 2 consumption/min/ml/ Klett unit) in all strains using inhibitors of the CRC and AOX respiratory pathways, as well as the NADH dehydrogenases Nde1p and Ymx6p. For the wild type and GOA32 strains, it is apparent that when cells are treated with each inhibitor of the CRC pathway, oxygen consumption drops significantly compared to untreated conditions (Table 1) . For all three strains, rotenone (CI inhibitor) caused a greater reduction in respiration than all other inhibitors. The sensitivity to rotenone is approximately two times greater than that of KCN compared to untreated GOA31 cells. Strain GOA31 respires at about 18 to 20% of the levels of the WT and the GOA32 strains in untreated cultures (Table 1) . Likewise, rotenone caused the most inhibition in O 2 consumption in GOA31 (ϳ100-fold reduction compared to untreated cells) while 1 mM KCN reduced respiration by about 50%, suggesting deficiencies in CRC CI and CIV. In comparison, when cells were treated with the AOX inhibitor SHAM, respiration in WT and GOA32 decreased by about 30 to 50% compared to untreated cells, but from GOA31 cells, in the presence of SHAM, oxygen consumption doubled compared to untreated GOA31 cells. This observation suggests a compensatory mechanism under these conditions that could be due to the PAR pathway since both the CRC and AOX pathways in GOA31 cells appear compromised in cultures, as indicated by the introduction of the AOX FIG. 1. Drop plate assays. All strains were grown in YPD agar with or without inhibitors of complexes I to V (CI to CV) and the AOX pathway at the cell concentrations indicated. The concentration of each inhibitor is also shown. Cultures were incubated for 48 h and photographed. GOA31 (goa1⌬/goa1⌬) is more sensitive than control strains to the CI CRC and the AOX pathway inhibitors.
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on January 4, 2018 by guest http://ec.asm.org/ inhibitor SHAM. The PAR pathway is believed to be engaged when the AOX and CRC pathways are not, as described in C. parapsilosis (46) . In addition, inhibition of the compensatory increase in respiration in GOA31 by flavone in SHAM-treated cells was observed ( Table 1 ), suggesting that the NADH dehydrogenases may be associated with the compensatory effect. Further, KCN does abrogate the compensatory reaction, suggesting that CIV is contributory to the compensatory reaction. Also, the combination of TTFA and flavone reduced respiration by 50% in GOA31 compared to levels in control strains, indicating that a CI defect is responsible for the reduced respiration in the absence of inhibitors. Thus, in GOA31, the PAR pathway may take on increased importance in maintaining respiratory capacity. Still, growth of GOA31 is considerably reduced by SHAM in drop plates, so our data with GOA31 do not always support the paradigm that respiration inhibitors also affect growth. But there is evidence that in the case of rotenone, growth and respiration are considerably affected. We address the rotenone data in experiments with CI below.
Transcription of AOX1, AOX2, and the NDE1 and YMX6 NADH dehydrogenases. To explain the increased respiration in GOA31 and poor growth in drop plate assays (Fig. 1) in the presence of SHAM, we also measured AOX1 and AOX2 transcription by quantitative PCR (qPCR) (30, 31) . However, in C. albicans there are also two alternative NADH dehydrogenase orthologs (NDE1 and YMX6) of the S. cerevisiae NDE1 and NDI1 that could account for the compensatory increase in respiration (42) . Thus, transcription of each gene was followed in untreated strains as well as in strains treated with 5 mM H 2 O 2 and SHAM ( Fig. 2 and 3) .
For cells grown for 30 min in the absence of H 2 O 2 , transcription of AOX1 and AOX2 is similar in the WT and GOA32 strains, but in GOA31 AOX1 but not AOX2 is significantly Fig. 2A) . Interestingly, in peroxide-treated cells, AOX1 but not AOX2 increases 2-to 3-fold in WT and GOA32 cells while transcription of both genes in GOA31 could not be detected (Fig. 2B ). These data also indicate an important role for Aox1p and Aox2p in adaptation of peroxide-stressed cells.
In SHAM-treated WT and GOA32 cells, both AOX1 and AOX2 expression slightly increased but not in GOA31 cells (Fig. 2C) . We believe that the reduction of AOX1 in untreated cells and of AOX1 and AOX2 in peroxide-stressed cells in GOA31 is a direct consequence of the loss of GOA1. Transcription levels of NDE1 and YMX6 were similar in both parental and GOA32 strains with or without peroxide or SHAM treatments (Fig. 3A and B) . However, in GOA31, transcription of both genes was greater than in control strains in untreated or peroxide-treated cells, but it was reduced in SHAM-treated cells. Nevertheless, transcription of both genes occurred in GOA31. This observation together with the reduction in the respiration-compensatory increase in GOA31 by flavone (Table 1) suggests that Nde1p and Ymx6p may participate in the compensatory augmentation of respiration in SHAM-treated cells.
Complex I activity is decreased in the goa1⌬ mutant (GOA31). To understand which of the complexes of the CRC pathway is (are) defective enzymatically and to validate the inhibitor data described above, we assayed each complex (CI to CIV) enzymatically. Previously, we had shown that GOA31 compared to control strains had a negligible mitochondrial membrane potential and reduced ATP synthesis, which could point to reduced activity of CI, CIII, and/or CIV during respiration (8) . Based upon our observations of inhibitor studies, we pursued experiments to determine the enzymatic activity of complexes I to IV (Table 2) . CV was not assayed since growth inhibition of strain GOA31 was not observed with oligomycin (Fig. 1) . Our data indicate that the specific activity of CI (nM/ min/mg of protein) of GOA31 was decreased by about 80% compared activity in WT cells, while CII, CIII, and CIV activities ranged from 0 to 20% less in GOA31 than in WT cells (P Ͻ 0.001, GOA31 versus wild-type cells for CI). These assays were done with total mitochondrial protein from each strain in contrast to experiments described below, which were performed with CI protein only. We believe that the marginal effect of GOA1 deletion on CII, CIII, and CIV activity is related to the severe loss of CI activity that may affect downstream complexes. Strain GOA32 had specific activities for all complexes that ranged from 90 to 100% of wild-type cells (Table 2) .
BN-PAGE. CI was also evaluated in GOA31 and control strains for both quantity (Coomassie staining) and enzyme activity by blue native polyacrylamide gel electrophoresis (BN-PAGE) (Fig. 4) . We determined that CI is reduced in amount by ϳ80 to 85% in GOA31 cells compared to the gel density ratios of CI/CIII and CI/CV to WT or GOA32 cells by ImageJ (Fig. 4A) . Also, the in situ assay of CI enzyme activity demonstrated that strain GOA31 was reduced by approximately 85% compared to control strains (Fig. 4B) . Of importance, the specific activity of CI is the same in WT cells as in GOA32 cells (Fig. 4A and B , compare the protein content and enzyme activity). This observation could imply several roles for Goa1p including a regulatory activity. Thus, by cell-based assays ( Fig. 1 and Table 1 ), protein content, or enzymatic assays, our data support the hypothesis that GOA31 has an apparent defect in CI.
ROS production is increased in GOA31. Dysfunction of CRC activity, especially CI and CIII in human neurodegenerative diseases and CI in fungi, is associated with an increase in cell ROS (2, 11, 15, 17, 40, 49) . Therefore, to determine if a similar effect occurs in GOA31, a quantitative flow cytometry assay to measure total cell ROS of all strains was employed. The fluorescent dye 2Ј,7Ј-dichlorofluorescein diacetate (DCFDA) is widely used in both mammalian and fungal cells   FIG. 3 . Transcription of the alternative NADH dehydrogenases NDE1 and YMX6 in strains of C. albicans. Cells were either not treated (control) or treated with 5 mM H 2 O 2 for 30 min; RNA was extracted, and qPCR was performed using primers described in Materials and Methods. GOA31 (goa1⌬/goa1⌬) cells show higher expression in untreated and peroxide-treated cells than control cells but smaller increases following SHAM treatment. to measure intracellular ROS. Once the compound diffuses into cells, it is hydrolyzed into 2Ј,7Ј-dichlorofluorescein (DCFH) by cell esterases and accumulates in viable cells. As shown in Fig. 5 , the level of ROS was dramatically increased by ϳ7-fold in strain GOA31 compared to WT and GOA32 levels. The small amount of ROS in stationary-phase cells of WT and GOA32 strains may reflect an adaptation by regulatory mechanisms that include Goa1p either directly or indirectly. Chronological life span is decreased in GOA31. Increased amounts of cell ROS as a result of defective CI induces apoptosis in mammalian and fungal cells (2, 11, 15, 25, 36, 37, 54, 56) . To explore this possibility in C. albicans, a suspension of 10 6 cells/ml in SC broth was prepared and incubated with or without 5 mM H 2 O 2 . In treated cultures, we maintained high levels of H 2 O 2 content by daily replenishing the medium with this oxidant. At daily intervals for 21 days, aliquots of cells were counted and plated on YPD medium to determine the number of CFU of each strain. In untreated cells, within 2 to 3 days, the viability of GOA31 was reduced by ϳ50%, while that of GOA32 and WT cells remained high, at ϳ80 to 90% (Fig. 6A) . At 6 to 7 days of incubation, we could not detect any viable cells of GOA31, in contrast to control strains, which retained a viability of ϳ80 to 90%. Viability of GOA32 began to decrease significantly at about 11 to 12 days while wild-type cells remained about 80% viable until 18 days, and then this proportion steadily decreased. These data indicate that loss of chronological life span (decreased viability) of GOA31 is associated with an increased level of cell ROS (Fig. 5) . Interestingly, loss of viability in all strains treated with H 2 O 2 was equal to that in untreated cells (Fig. 6B) . Our interpretation of these data is that cell levels of ROS were already high in GOA31 compared to levels in WT and GOA32 cells so that the addition of H 2 O 2 did not cause a change in chronological life span profiles. Further, WT and GOA32 cells adapted to added peroxide. To directly demonstrate that the association of ROS increases with a decrease in chronological life span, we treated cells of GOA31 with the antioxidant N-acetyl cysteine ([NAC] 30 mM), which was added several times during the experiment. We found that compared to survival of untreated cells, survival of GOA31 persisted at about 30% through ϳ10 days and then began increasing thereafter (Fig. 6C) . 
Apoptosis is increased in GOA31.
To determine if the decrease in viability in GOA31 is related to programmed cell death, we measured caspase activity (Fig. 7) . For untreated cells, caspase activity was determined in cell populations at 0 (control), 10, or 20 generation times (GT) (8) . Our data indicate that the levels of caspase were increased in GOA31 at all time points compared to levels in the WT and GOA32 strains, which produced negligible caspase activity (Fig. 7A) . The difference in caspase activity of GOA31 at 10 and 20 GT was not statistically significant. The addition of H 2 O 2 to cultures did not influence the level of caspase at 2 and 10 GT (Fig. 7B) . It also appears that significant apoptosis as determined by caspase activity had already occurred in overnight washed cultures of GOA31 (zero time; control cultures).
TUNEL assays were also established to verify that apoptosis had increased in GOA31 (Fig. 8) . In unstressed cells (0, 10, and 20 GT), in WT or GOA32, TUNEL assays verified a low level of apoptosis in untreated or treated cultures, while that of GOA31 exhibited high levels by 10 and 20 cell generations (Fig. 8A ). In cells treated with H 2 O 2 , again only strain GOA31 showed a marked increase in TUNEL activity at 10 generations (Fig. 8B) . Importantly, propidium iodide staining, which measures necrotic cells, was quite low, in the range of 1 to 2%.
DISCUSSION
Mitochondrial dysfunctions: general considerations. In WT cells of C. albicans, C. parapsilosis, and other fungi, the primary respiratory pathway in regard to energy formation and O 2 consumption appears to be the CRC (28, 29, 46) . The AOX and PAR pathways consume less oxygen and generate less ATP. Although the AOX pathway has been suggested as a compensatory mechanism in case of CRC failure, other data indicate that both the CRC and at least AOX1 are constitutively expressed in fungi (28, 29, 31, 46) . S. cerevisiae has three alternative NADH dehydrogenases (NdeI, Nde2, and Ndi1) that oxidize cytosolic NADH and participate in NADH-dependent mitochondrial respiration but do not translocate protons and are only partially sensitive to rotenone (42) . These proteins are also described in Yarrowia lipolytica (27) . Therefore, our thought was that the orthologs in C. albicans (NDE1 and YMX6) might account for the compensatory increase in respi-ration in SHAM-treated GOA31 cells. We now show that transcription levels of both NDE1 and YMX6 are lower in GOA31 cells than in control strains when cells are treated with SHAM but that flavone, an inhibitor of these dehydrogenases, did reduce the compensatory respiration in GOA31. The characterization of growth mutants in different organisms has demonstrated that mitochondria defective in the CRC pathway are able to compensate for these impairments by a process termed retrograde regulation, which includes the induction of certain genes that under normal conditions are not expressed (48) . We are left with the observation that the compensatory increase in GOA31 respiration in SHAM-treated cells is due to the PAR pathway and external NADH dehydrogenases.
Our data support the concept that a major defect has occurred in the respiration of GOA31 (loss of oxygen consumption, membrane potential, and ATP formation) that is associated with a dysfunctional CRC (8; also this study). We now demonstrate that CI is dysfunctional in the GOA31 strain. Two lines of proof were used to validate this conclusion: in vitro activity and in situ gel analysis as well as drop plate and respiration assays with rotenone. Further, transcription of AOX genes (AOX1 in untreated cells and AOX1 and AOX2 in peroxide-treated cells) is downregulated in GOA31, such that only the PAR mitochondrial pathway apparently remains intact, similar to what has been shown in C. parapsilosis (46) . A reduction in CI activity is especially detrimental to cells since it provides ϳ50% of the energy generated by oxidative phosphorylation. The reduction in CI activity results in a deficiency in membrane potential (⌬M) in mitochondria since CI is the major donor to the proton gradient.
In human cells, CI is the major ROS-generating site in mitochondria, whereas CII, CIII, and CIV could be inhibited by about 70% without an increase in ROS production (11, 40) . During optimum respiration, referred to as state 3 respiration, when oxygen consumption is coupled to ATP production, ROS levels are low. However, in state 4 respiration, when the CRC 
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LI ET AL. EUKARYOT. CELL slows down or is dysfunctional at CI, the production and release of ROS increase (11) . An imbalance in ROS is thought to initiate programmed cell death (PCD) as in several types of neurodegenerative diseases. In structurally and functionally intact mitochondria, a large antioxidant defense capacity negates ROS that is formed; therefore, there is little net cellular ROS in the matrix of active mitochondria. However, once this balance is disturbed, the accumulated ROS will further damage mitochondria, causing more free-radical molecules to form. The ROS free radicals are also able to damage biomolecules such as nucleic acids, lipids, and proteins. Usually, young cells have very small amounts of net ROS, but as mitochondria age and become more dysfunctional, larger amounts of ROS are generated, and cell viability decreases. Loss of cell viability is also accompanied by the ROS-induced inactivation of complex protein Fe-S clusters, which is followed by a release of iron that induces the formation of hydroxyl radicals (39) . Therapies to counter neurodegenerative diseases and even cancer are currently being sought that will alter carbohydrate metabolism to either attenuate or heighten mitochondrial activity in a disease-specific manner (11, 19) . Our hypothesis is that Goa1p maintains CI activity and that in its absence, cells have less membrane potential, with an increase in ROS accumulation and cell death by apoptosis. This is also reminiscent of data in Neurospora Crassa, where treatment with phytosphingosine targets complex I (17). Subsequently, cell ROS increases, followed by cell death, which is very similar to what has been described in Podospora anserina and S. cerevisiae (48) .
Complex I. The C. albicans CI is believed to consist of 39 proteins, 2 of which are unique to Candida species (22) . Comparative genomics indicates that CI shares structural similarity with the complex I of other eukaryotes (22) . Eukaryotic CI consists of a conserved core of 14 subunits, present in bacterial NADH:ubiquinone oxidoreductases, plus a variable number of supernumerary subunits, e.g., 31 in mammals (24, 36) and 26 in the yeast Y. lipolytica (1, 22, 47) . This species is more closely related to C. albicans, and we have found that all of the Y. lipolytica subunits except one are conserved in the C. albicans genome (unpublished results). The core subunits include seven peripheral proteins that serve as binding sites for NADH, flavin mononucleotide (FMN), and iron-sulfur clusters and seven membrane-spanning subunit proteins that collectively form an L-shaped structure, with the peripheral arm located perpendicular to the mitochondrial inner membrane (22) . Many of the supernumerary subunits are conserved across all species. Fungal CI has also been investigated in N. crassa (6, 44) . In that fungus, the lack of a single subunit protein in knockout mutants caused a complete block in the assembly pathway of CI (44) . It is important to recognize that following the evolutionary recruitment of the core proteobacterial and lower eukaryotic proteins to CI, subsequently, the complex diversified along the different eukaryotic lineages (mammals, fungi, insects, and nematodes) with new and continuous recruitment of subunits (22) . Thus, significant differences exist among these lineages to warrant study of the C. albicans CI. Presently, we are pursuing the identification of complex I proteins in GOA31 and control strains. Since clearly CI activity is decreased and there is less CI, we hypothesize that Goa1p regulates complex activity and assembly or is required for its activity as a part of CI. These defects have been observed in human CI-specific disorders (36, 49) .
AOX. All indications are that Goa1p is required for transcription of the AOX pathway genes in untreated (AOX1) and peroxide-treated cells (AOX1 and AOX2). However, we have not determined whether the relationship of the AOX pathway and AOX1 and AOX2 transcription with Goa1p is direct or indirect. Our hypothesis is that Goa1p and Aox1p/Aox2p are each critical to peroxide adaptation. Additional experiments are planned to examine the response of both proteins to other forms of cell stress.
Apoptosis. The consequence of heightened ROS levels associated with CI dysfunction is apparently due to programmed cell death in GOA31. That dysfunctional CI is a source of heightened ROS and PCD has been demonstrated in N. crassa (17) . Phytosphingosine-treated conidia caused increased ROS, evidence of PCD, and reduced viability similar to our current observations of GOA31. However, a CI mutant of N. crassa was more resistant to phytosphingosine than wild-type cells, indicating that CI is a target for this compound (17) . An important point of this study is, therefore, that CI defects in a fungus are associated with ROS and PCD. In GOA31, an increase in caspase and TUNEL activity accompanies the loss of viability. Our hypothesis that GOA31 cells undergo apoptosis is based upon the combined application of several assays, as suggested by others (16) . In S. cerevisiae, PCD and apoptosis are now thought to have several subroutines, including necrosis, which phenotypically includes a ruptured plasma membrane (15) . PCD generally occurs through two types of mechanisms, extrinsic, as described above, with inducers forced upon cells, and intrinsic, associated with mitochondrial dysfunction and ROS production. Both pathways overlap to a great degree, making analysis of defects somewhat complex. Carmona-Gutierrez et al. (15, 16) differentiate between replicative aging of cells, defined as the number of divisions an individual mother cell has before death occurs, and chronological aging, which is distinguished by viability over time of cells in stationary phase. Based upon our life span experiments (Fig.  6) , we believe that GOA31 cells have reduced chronological aging, which means that Goa1p is essential for cell survival.
In summary, our data demonstrate that Goa1p is required for mitochondrial functions, especially CI activity, and, as a consequence, is critically important in maintaining nontoxic levels of ROS. As a result, chronological aging is extended by weeks in comparison to cells that lack GOA1. Although there are certainly other additional factors that could contribute to the observed growth defects in the goa1 mutant, it is clear that CI dysfunction results in the overproduction of ROS that impacts survival of C. albicans.
